interval in these workers of 0*99uglg creatinine was used as the upper normal value for industrial workers. Urinary 1-hydroxypyrene concentrations were measured in workers involved in manufacture and maintenance operations in oil refineries (13 In general, PAHs are extensively metabolised to many different (poly-)hydroxy--PAHs. These metabolites are mainly excreted in the faeces as conjugates and only a minor fraction is excreted in the urine. The four ring PAH pyrene, however, is an exception as it is almost exclusively metabolised to 1-hydroxypyrene, which accounts for about 90% of the total urinary excretion of pyrene in all species studied so far, including humans.2 The abundance of pyrene is always relatively high in PAH mixtures,7-'0 and after its introduction by Jongeneelen et al l' in 1985, 1-hydroxypyrene has been used as a variable for the biological monitoring of exposure to PAH in various studies. These studies involved workers engaged in the manufacture of graphite electrodes,9 10 coke oven workers, 1'4 and people exposed to coal tar" 14-20 and creosote.""l9 It was shown that the urinary excretion of 1-hydroxypyrene correlates well Finally, in 1989 a study was performed on 63 workers of a bitumen production plant at the end of a shut down period in which no occupational exposure to PAHs could have occurred (baseline study 14) .
If more than one blank sample (baseline study 9) or post-shift sample (studies 1-4 and 6-13) was collected from a worker the 1-hydroxypyrene results were averaged. The (Breda, The Netherlands). Solid samples of the produced coke and of the residue remaining on the litters of the coke chambers were analysed for PAH content by TNO laboratories (Delft, The Netherlands).
Work registration
Each day, at the end of the shift, the workers completed a questionnaire on working conditions, specific activities during the shift, the use of personal protective devices, and smoking behaviour. An industrial hygienist made a daily, semiquantitative assessment of the extent of potential inhalatory and of dermal exposure by ranking the extent of steam formation and the temperature of the liberated steam during the opening of the coke chambers and the amount of coke remaining on the litter (O = less than average; 1 = average; 2 = more than average; 3 = much more than average).
Calculations and statistics
The results for the urinary 1-hydroxypyrene concentrations before and after shifts were averaged for each worker and the group median and mean were calculated from these averaged results. From the decline in individual urinary 1-hydroxypyrene during the night (the difference between the concentration in the post-shift sample (ce) collected at the end of the shift (tj) and the concentration in the pre-shift sample (Cb) collected the next morning (tb)) the urinary elimination rate constant (k) of 1-hydroxypyrene was calculated with a one compartment kinetic model assuming completed absorption and first order elimination using the formula:
Urinary excretion half lives were only calculated from urinary samples provided by workers who had had a distinct exposure to PAHs (with a 1-hydroxypyrene concentration in the post-shift sample of at least the upper limit of the 95% confidence interval (95% CI) for baseline values in industrial workers). Forty two sets of urine samples, collected from 16 of the 25 persons, met this criterion and were used to calculate a k,. If k, could be calculated more than once for a worker the data were averaged. From the median k, the corresponding median apparent half life of elimination (t1,2) was calculated from the formula ti/2= In (2)/k.
The strength of three possible methods of exposure (smoking habits, inhalatory, and dermal exposure) in relation to the urinary concentrations of 1-hydroxypyrene was studied by multiple linear regression analysis after normalization of the distribution by logarithmic transformation. The R2 values and the p values of the F test are tabulated.
For all statistical calculations the mainframe version of the SAS statistical software package (version 6 06) was used and p < 0-05 was considered significant. 
Belgium, benchside of oven:
The Netherlands: 12 2 ) that background concentrations in people highly exposed workers from studies la, 1 la, who perform jobs with potentially low expoand 1 3a were pooled and aliquots were stored sure to PAHs, such as bitumen manufacturfrozen at -20'C. In all runs a set of samples ing, are, after a period of shut down, in the from this urine pool was analysed to check same range as found in Dutch people not Table 3 summarises the results of the studies 1 to 13. In some studies the composition of the source of PAH exposure was quantitatively determined. In these cases, the amount of pyrene as a percentage of the total amount of PAHs with three or more rings have been included in tables 3 and 4. As the percentage of benzo(a)pyrene is often used to characterise mixtures of PAHs, the ratio between the concentrations of pyrene and benz(a) pyrene have also been included. It seems that the actual exposure has been rather low in most studies. Table 4 summarises published data on 1-hydroxypyrene concentrations measured in patients and industrial populations and it is obvious that in these studies the actual exposures to PAHs were much higher. Nevertheless, during some operations such as the inspection of furnaces (study 2), (table 6) . Therefore, dermal exposure cannot simply be compared with inhalatory exposure. Table 7 summarises the results of measurement of urinary 1-hydroxypyrene. The 1-hydroxypyrene concentrations before a shift were about the same for operators (median 1 .1 ug/g creatinine) and maintenance workers (median 1-2 ,ug/g creatinine) as were the concentrations after the shift (median values of 2-2 and 2-0 pg/g creatinine respectively).
The median urinary elimination rate constant k, of 1-hydroxypyrene was 0052 h-', which corresponds to an apparent elimination half life of 13-4 hours (mean 10-4 (range 3 9-26 7) hours). There was no significant difference (p = 0190; two tailed Student's t test for unpaired data) in the mean (range) apparent half life of smokers (13-1 (7-5-25 4) hours; n = 8) and nonsmokers (8-5 (3-9-26-7) hours; n = 7), nor was there such a difference (p = 0790) in half life between operators (11-0 (3-9-26 7) hours; n = 7) and maintenance workers (100 (6&5-21-8) hours; n = 9).
Evaluation of routes of exposure The work registration data contained information on three potential methods of exposure to PAHs: smoking behaviour, potential inhalatory exposure (described in terms of the degree of steam formation and the temperature of the steam released), and potential dermal exposure (described in terms of the amount of coke remaining on the litters of the coke chambers). Multiple linear regression analysis of the 1-hydroxypyrene excretion data (after logarithmic transformation) was performed to estimate the relative contributions of dermal and inhalatory exposure to Table 8 Needle coke plant study: multiple regression analysis on the 1-hydroxypyrene concentration in post-shift samples as a function of the l-hydroxypyrene concentration in the pre-shift samples, smoking behaviour, potential dermal exposure, and potential inhalatoty exposure actual PAH uptake ( (table 3) . During some operations such as the replacement of burners in boilers and inspection of a furnace (studies 2 and 9), a substantial increase in median urinary 1-hydroxypyrene concentrations was found and most operators had 1-hydroxypyrene values far outside the normal range. Also high 1-hydroxypyrene concentrations were measured in individual workers during digging in soil contaminated with PAHs (study 1 3a). Most of these exceptions were measured in 1987 (studies 2, 9, and 1 3a) when the biological monitoring programme was started and were related to specific, short term operations such as handling of heavily contaminated equipment. Since then, stricter use of personal protection devices was imposed on the operators. These measures were successful as during several operations with a higher potential exposure to PAHs (for example, studies 4, 5, and 8) much smaller actual exposures were measured. The difference was particularly evident in workers digging soils contaminated with PAHs, where after a more stringent application of dermal protection (impermeable PVC suits) a substantial decrease in urinary 1-hydroxypyrene concentrations was found in 1991 and 1992 (studies 13b and c) compared with 1987 and 1988 (study 13a).
Notable exceptions, however, were the operators of the needle coke plant who had a continuous potential occupational exposure to PAHs. In the first survey at this plant in 1988 (study 12a) it was found that during normal operation 88% of the maintenance workers and 62% of the operators had urinary 1-hydroxypyrene concentrations above the upper normal value. The median value in maintenance operators was 2-8 ug/g creatinine, which is about 13 times the median value found in the baseline studies. Specific measures to control the exposure to PAHs resulted in a decrease in median urinary 1-hydroxypyrene concentrations, but in 1990 (study 12b) 76% of the maintenance workers and 72% of the operators still had urinary concentrations greater than the upper normal value. To get a better insight into the cause of exposure, a more detailed study was performed in 1990 (the needle coke plant study). The details of this study allowed qualitative assessment of the contributions of inhalatory and dermal exposures. As expected dermal absorption contributed significantly to the excretion of 1-hydroxypyrene (table 8) . It also seemed that dermal exposure was more important in maintenance workers than in operators. This could be expected as maintenance workers had a greater risk of skin contact than operators, who were more likely to be exposed to airborne PAHs. The data from the analyses of the air samples (table 5 ) and the coke residue (table 6) suggest that the ratio of carcinogenic PAHs to pyrene is much higher in the solid samples (dermal exposure) than in the air samples (inhalatory exposure). This implies that the same urinary 1-hydroxypyrene excretion may indicate a higher actual exposure to carcinogenic PAH in maintenance personnel than in operators.
The measurement of urinary 1-hydroxypyrene does not yet permit a valid assessment of the potential risk of cancer due to exposure to PAH. Although good correlations were found between 1-hydroxypyrene and airborne PAH concentrations,9 1013 and also between 1-hydroxypyrene and dermal exposure to PAHI,15 18 these correlations in fact merely indicate that the ratio between pyrene and one or more (carcinogenic) PAHs is fairly constant for a specific process during the time span of the study. These ratios, however, as well as the ratios between the various carcinogenic PAHs may vary considerably from one process to another and even for specific processes, such as the production of coke, from one batch to another (tables 3 and 4). As a consequence, ratios between the concentrations of pyrene and benzo(a)pyrene, although often used,13 1823 are unsuitable for reliable assessment of risk. As dermal absorption of PAHs also seems to be of importance a valid evaluation of risk requires that the composition of the sources for both inhalatory and dermal exposure are known as well as the relative contribution from each of these routes of exposure.
The excretion data that were obtained in the needle coke plant study allow some calculations on the toxicokinetics of 1-hydroxypyrene. Apparent urinary excretion half lives were calculated for 16 persons and a considerable interindividual variation was found, values ranging from 3-9 to 26-7 hours with a mean value of 10-4 hours. There was no significant difference between the apparent half lives for smokers and non-smokers nor for operators and maintenance workers. In a combined dermal and inhalatory exposure to PAHs in coke oven workers half lives ranged from 6 to 35 hours.'2 Our value fits nicely into this range, but is slightly smaller than the value for the median apparent half life for the urinary excretion of 1-hydroxypyrene of (range 13-4 to 26.3) hours that was recently reported on combined exposure for workers employed in a graphite electrode and coke production plant.'0 In oral intake a mean half life for the urinary excretion of 1-hydroxypyrene of only 4 4 (range 3 1 to 5 9) hours was found. 23 The differences in the apparent half lives may be due to slow dermal absorption or delayed release from pyrene stored in adipose tissue limiting the excretion rate. The wide variation in half life may also be explained by these effects. A moderately fast elimination phase, followed by a more prolonged phase with a half life of several days was reported in creosote workers. '9 This slow elimination phase suggests that pyrene accumulates in a secondary compartment, most probably adipose tissue, from which it is only slowly released. This means that if someone is subjected to continuous occupational exposure to PAHs his baseline value should gradually rise above the normal background value until an equilibrium between uptake and elimination is reached. Such a rise was indeed found in the baseline values of paving workers, coke oven workers and aluminum smelters (table 1) . We performed baseline studies in six different settings that could potentially cause exposure to PAHs. These groups included laboratory workers handling oils containing PAHs, people handling bitumens, ground workers, and boiler operators. An increase in 1-hydroxypyrene baseline values was not found in any of these groups indicating that exposure is so low that accumulation does not occur (table 2) .
Our studies confirm the suitability of urinary 1-hydroxypyrene as a biomarker for the assessment of exposure to PAHs. It seems that in the petrochemical industry actual exposure to PAHs as measured by urinary 1-hydroxypyrene is low in many different operations with potential exposure to PAHs. This is partially due to the use of personal protective equipment in some situations. An exception was the workers involved in the production of needle coke where urinary 1-hydroxypyrene concentrations were mostly greater than the upper normal value for nonoccupationally exposed persons. It was shown that in these workers dermal absorption may significantly contribute to the overall exposure to PAHs.
